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Abstract 
The security of storage of CO2 by injection as dense-phase gas in geological formations, includes evaluating the efficiency of the 
different long-term trapping mechanisms. As part of this, it is often suggested that the amount of dissolved CO2 over long time 
perspective can be enhanced significantly by the added effect on effective dissolution rate by the brine convection mechanism. 
The work presented here suggests this effect to be minimal in realistic reservoir geometries including intraformational sealing 
shale layers of some lateral continuity. The results from a simulation study indicate that in reservoir architectures with this 
layered geometry, the development of the convection as an enhanced trapping mechanism will be limited. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
When CO2 is injected into saline aquifers for storage purposes, the resulting configuration of the free-phase CO2 
often takes the form of a gas-cap. This can have varying stability, but if a stable gas-water contact is established, 
only diffusion will transport CO2 into the underlying brine. The pioneering work of Lindeberg & Wessel-Berg 
(1997) inspired by the concepts of thermal convection, established that gravity instability could cause convection to 
develop in the brine, thereby enhancing the dissolution rate. 
The convection is induced due to gravitational instability of the brine in the layer just below the established CO2 
gas cap. When CO2 dissolves in the brine, it will increase the brine density, and the instability will provoke local 
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downward movement in the form of fingering. This process will bring fresh brine in contact with the CO2 at the top, 
and will increase the overall dissolution rate. 
  
Until now the convection process linked to CO2 storage has been studied with a number of different strategies: 1) 
theoretical studies including stability analysis, 2) by simulation of large scale models, usually in a coarse grid, and 
with homogeneous reservoir properties, 3) experimental set-ups mainly in the form of Hele-Shaw cells, where the 
use of non-reservoir fluids and non-reservoir porous medium properties is necessary, and 4) by simulation of fine-
scale, finely gridded model systems aiming at reproducing the true physical behavior. The last activity has included 
also heterogeneous systems with incorporation of either an anisotropy factor or some kind of stochastic distribution 
of barrier elements. In this study we will attempt to reflect more realistic reservoir geometry for some examples in 
order to show the consequences of layered reservoirs for the convection-dissolution process. 
2. Geological context 
The interest for CO2 storage has mainly focused on reservoirs in clastic sandstone systems. The depositional 
systems for these reservoirs range from continental-fluvial systems, through near-shore, estuary, deltaic, shallow 
shelf and into deeper shelf submarine fan deposits. This results in a wide diversity of reservoir geometries and 
therefore a very large range of size and contrast of heterogeneities. Many of these reservoirs share a common 
feature, namely the interlayering of sand units and shale layers, which is of interest for our investigation of the effect 
on the convective mixing process. 
For the illustration of the effect we have chosen two end-members to represent the behavior of diffusion-
dissolution-convection processes. One is a shallow depth, high-permeability, low-salinity example; and the second 
example is deeper, lower-permeability, higher-salinity. The first could be seen as a Sleipner – Utsira Formation 
proxy, and the second example could represent the shallow marine reservoirs from the Triassic-Jurassic deposits 
from the Gassum Formation (and equivalents) at moderate depths on the Danish-Norwegian shelf. The general 
feature for both examples is the interlayering of 10-20-30 m sandstone units with thin shales (½-2 m thickness), 
where the shale layers are interpreted to have a sufficiently wide lateral continuity and to form intraformational seals 
for fairly large reservoir volumes. The continuity concept stated here is important, since many other studies have 
focused on the effect of shorter, more dispersed shale barriers distributed throughout the formation analyzed. 
 
For the Utsira proxy, the interpreted continuity of the shales is based on partly the apparent correlation possible 
over more than kilometer scale (Zweigel et al. 2004), and partly on the indirect sign of sealing property over large 
lateral extent as indicated by the plume geometry of the injected CO2 analyzed in many studies of the time-lapse 
seismic data from the Sleipner CO2 operation (Bickle et al. 2007; Chadwick et al. 2009). Lateral extents of up to 1.3 
km have been analyzed from the plume geometries (Bickle et al. 2007). 
For the Gassum proxy the shale layer continuity is based partly on the regional sequence stratigraphic 
interpretation as transgressive marine incursions into a shallow marine setting, leaving behind laterally extensive 
deeper shelf shales of varying thickness (Nielsen 2003), and supplemented by a detailed study around the Stenlille 
gas storage facility where individual shale layers have been correlated over more than 1 km extent (Nielsen 2003). 
 
3. Modeling input parameters 
The simulation of the processes of diffusion and convection is based on that we construct a realistic model of the 
depositional system and the properties determining the behavior. The input for the two proxy models are listed in 
table 1 and 2. 
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     Table 1. Model input for static model. 
Input Gassum model 
Reservoir depth, m 1500 
Temperature at ref level, C 55 
Layering, m 20 
Shale thickness, m 0.6, 0.72, 1.0 
Sand porosity 0.20 
Sand permeability, mD 200 
Shale permeability mD 1.0 
Shale porosity 0.20 
Thickness of total reservoir, m 75 
 
 
     Table 2. Model input for dynamic and fluid  model. 
Input Gassum model 
Salinity brine, w% 19.0 
Datum reference depth, m 1490.01 
Initial pressure 160 
GOC depth, m 1500 
Rs at GOC m3/m3 PVT 17.09 
Density of CO2 -saturated brine kg/m3 1133.75 
Density of brine kg/m3 1129.55 
Brine density difference, kg/m3 4.20 
Brine viscosity@reservoir, mPa*s 0.45 
Diffusion coefficient m2/day 3.46E-04 
Diffusion coefficient m2/sec 2.0E-09 
 
For the diffusion coefficient the value of 2.06E-9 m2/s has been used comparable to the studies of the Utsira 
Formation by Lindeberg et al. (2002, 2011). Although there is some discussion on the value for different lithologies 
and dependencies on temperature and salinity, this value has been kept constant for the different rock types and 
cases in the present study. 
4. Model geometry and gridding 
The simulation model is designed to allow sufficient reflection of the processes without too much numerical 
disturbance, e.g. from discretization errors. This requires that the grid is sufficiently fine in order to resolve the 
processes, and that the model volume is sufficiently large to encompass the developed instability pattern. 
The size of the 2D model is 40 m width and 75 m depth, measures that are taken from the study of Delaplace 
(2011), where the range of permeabilities corresponds to the present study.  
The vertical discretization has to be sufficiently fine in order to allow the diffusion and instability process to 
develop. The scheme for that has been inspired by the modeling of Delaplace (2011), using a vertical gridding of 
0.01 m around the CO2 -Brine contact and a gradual coarsening in both directions away from the CO2 -Brine 
contact. 
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     Table 3. Cell size scheme below the CO2 -Brine contact. The reverse is used above the contact. 
No. of cells z-dimension, 
m 
Cum. Depth, m 
CO2 -Brine contact   
12 0.01 0.12 
6 0.02 0.24 
4 0.04 0.40 
6 0.10 1.00 
45 0.20 10.00 
50 0.20 20.00 
50 0.36 38.00 
37 1.00 75.00 
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sufficiently. The number of grid cells necessary to discretize one wavelength is a matter of choice where we have 
decided on a factor 10 although other works are satisfied by a factor 5. The wavelength of the instability fingering 
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many works on the theoretical stability analysis. For this we have adopted the relation advised by Lindeberg & 
Bergmo (2011). 
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difference when saturated with CO2, and acceleration of gravity respectively.  
For the Gassum model, the estimation results in instability finger wavelength around 4 m (Fig. 1). 
 
Fig. 1. The theoretical analysis of wavelength for the instability fingers in the Gassum model predicts around 4 m wavelength based on most of 
the theoretical studies. The grid using 0.20 m horizontal discretisation and a factor 10 for resolution allows down to wavelength of 2 m to be 
resolved (red bar). The simulation case shows a wavelength of 4.2 m for the homogeneous case with 200 mD permeability. 
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For this comparison it should be noted that the critical wavelength predicted by linear stability theory is generally 
smaller than the wavelength observed in numerical simulations or in experimental works, because the fingers are 
initially not detectable in the simulation/experiment. Over time they become observable, but they have also 
coarsened to a larger wavelength (Taheri et al. 2012). 
 
5. Permeability model 
The simulation of the Gassum proxy case is carried out for three scenarios: 
1. Layered model with thin continouous shales at 20 m intervals and permeability contrast of 200mD/1mD. 
2. Homogeneous model of 200 mD ignoring any shales. 
3. Homogeneous model of 44 mD as a harmonic mean for the model volume including the two uppermost 
shale layers. 
 
In order to support that the gravity instability develop into fingers, a very small permeability perturbation has 
been introduced in the upper 20 m of the reservoir. This is implemented as a sequential Gaussian simulation with 
large nugget value and a small range, and will therefore act as an added stochastic noise of around ± 1%. (Fig. 2). 
Normally the instability fingering is assumed to be initiated purely due to numerical instabilities during the flow 
calculations, but in our case we have chosen to implement explicitly some heterogeneity to facilitate the 
development. 
The three shale layers imposed in the grid at 20 m intervals have been designed with 3 cells thickness for the 
uppermost layer (0.6 m thickness), the next with 2 cells thickness (0.72 m), and the lower layer as 2 cells thickness 
(2 m). The multicell thickness of the shale layers is necessary in order for the transmissibility calculations to be 
performed correctly in the numerical simulator.  
 
 
Fig. 2. Schematic illustration of the simulation model for the Gassum case with the 3 shale layers at 20 m intervals. The permeability perturbation 
is visible in the upper 20 m reservoir due to the colour scale chosen with a range from 199 to 201 mD. The zone above the CO2 -Brine contact 
with full CO2 dense-phase saturation is assigned a high permeability to aid the uniform distribution. 
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6. Results 
The following illustrations in figure 3 show the behaviour of the layered model with the 
diffusion/dissolution/convection processes (case 1). 
 
 
Fig. 3. Snapshots of the dissolution process in the Gassum case model with 20 m layering. The colour scale shows Rs = dissolution ratio of 
standard m3 CO2 /m3 brine with a maximum value of 17.0. A) Timestep 18 years. The three shale layers shown in grey. The dissolution front is 
showing signs of instability. B) Timestep 26 years. Fingering is developed very early immediately below the CO2 -Brine contact with wavelength 
of 4.2 m. C) Timestep 40 years. D) Timestep 100 years. The first shale layer is reached and reduces the convective mechanism. E) Timestep 400 
years. Gradually diffusion/flow brings CO2 through the first shale barrier and into the second reservoir layer where fingering immediately is 
imposed by the continuation of the fingers from above. F) Timestep 1000 years. Third compartment being invaded by CO2. 
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The transport of the CO2 downwards across the CO2 -Brine contact has been monitored and plotted for the three 
cases as the cumulative of m3/m2 (Fig. 4). 
 
 
Fig. 4. Comparison of cumulative transport across the CO2 -Brine contact in the three model versions for the Gassum case. Curves for 
homogeneous high-perm (red), layered model with seals (blue), and for a homogeneous low-perm model (green) reflecting the effective average 
vertical permeability for the 75 m model. The points of onset of deviation (yellow) from the purely diffusive transport are shown for the various 
curves. The deviation between the layered model and the high-perm homogeneous (orange) is coupled with the time for the upper layer to be 
exploited fully by the convection, and the limiting effect from the shale layer below is becoming dominant. 
7. Comparison of theoretical instability analysis and the simulation results 
7.1. Convection threshold 
In order to judge whether convection will be possible in the system, the Rayleigh number can be calculated for 
the system and evaluated against the conventional threshold value of 40 (Lindeberg & Wessel-Berg, 1997). 
Rayleigh number:  
D
gHkRa
P
U'    (2) 
Where k, ¨ȡJ+DQG'DUHSHUPHDELOLW\ EULQHPDVVGLIIHUHQFHZKHQVDWXUDWHGZLWKCO2, acceleration of 
gravity, height of the compartment analysed , viscosity, and diffusion coefficient respectively. 
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Fig. 5. The Rayleigh analysis of the Gassum model shows that both a 20 m thick compartment with 200 mD, and even a 44 mD layer, is 
above the theoretical Rayleigh threshold of 40. Instability is therefore to be expected. 
7.2. Onset time for instability 
The stability analysis for onset time has been discussed in several works. The basic relation is: 
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(vertical), brine mass difference when saturated with CO2, and acceleration of gravity respectively. 
The constant 48.7 is the theoretically derived minimum value (Lindeberg & Wessel-Berg 2011), but the factor 
varies according to which method is used in the stability analysis. 
Some of the earlier works e.g. by Riaz et al. (2006) use a different form for the equation, probably caused by 
some form of rescaling. The discussion about the constant used in the equation has been going on for some time 
(Hidalgo&Carrera 2009, Riaz et al. 2006, Pickup et al. 2010, Hassanzadeh et al. 2009, Ennis-King&Paterson 2003, 
Delaplace&Trenty 2011, Lindeberg&Wessel-Berg 2011), and the different options have been calculated and plotted 
in figure 6. 
The timing for the Gassum model is illustrated for the layered case and for the homogeneous averaged case, and 
both show concordance with the theoretical values (Fig. 6). 
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Fig. 6. Comparison of onset time from different derivation studies and the actual behavior of the Gassum model. Both the layered model at 200 
mD base permeability, and the homogenized 44 mD model match the predictions. 
It has been noted by other workers that there will be an inherent difference between the theoretical onset time and 
what can be observed in the simulations. This discrepancy up to one order of magnitude was noted (Delaplace 2011) 
in simulations compared to stability analysis. The predictions based on the absolute theoretical minimum values 
(Lindeberg & Wessel-Berg 2011) will not be observable in experiments or simulations. In the other end of the 
spectrum will the relations based on a deviation in transport rate away from the pure diffusion be overestimating the 
onset time, since instability can occur long before any enhanced dissolution rate is observed. 
7.3. Penetration depth of transition zone at instability start 
Based on stability analysis, the penetration depth at onset of instability has been derived (Riaz et al. 2006): 
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with CO2, and acceleration of gravity respectively.  
The thickness of the transition zone has been evaluated from the simulations and compared to the theoretical 
relation, and shows a fair match (Fig. 7). 
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Fig. 7. Penetration depth (thickness) of the transition zone at onset of instability as a function of permeability and using the Gassum case 
parameters compared to the actual thickness in the simulation. 
8. Discussion of effective dissolution rate including the convection enhancement 
When analyzing the different scenarios for effective transport of CO2 downwards due to the combined effect of 
diffusion, gravity instability and convection, the rate compared to pure diffusion can be illustrated in a plot using 
square-root-time axis. The cumulative transport by the diffusion process alone is normally viewed as linear with 
squareroot of time, as shown on figure 8. This graph makes it easy to spot when only diffusion is in effect. 
 
 
Fig. 8. Comparison of cumulative transport (in Sm3/m2) across the CO2 -Brine contact in Squareroot-time in the three model versions for the 
Gassum case. Curves for homogeneous non-layered high-perm (200 mD) is red, layered model with seals (blue), and for a homogeneous model 
reflecting the effective average permeability (44 mD) calculated for the model when including the two upper shale layers (green). The linear 
curve for the 44 mD homogeneous model clearly shows that only diffusion is the transport mechanism for long time. 
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An approximation of the transport rate can be deduced from the plots by estimating a linear trend for segments 
with a near-linear trend. This is done by selecting an interval on the transport curves free from initial growth and 
prior to late-stage interference with bottom boundary of model as shown in figure 9. 
 
 
Fig. 9. Comparison of cumulative transport (in Sm3/m2) across the CO2 -Brine contact in time in the three model versions for the Gassum case. 
Curves for homogeneous non-layered high-perm (200 mD) is red, layered model with seals (blue), and for a homogeneous model reflecting the 
effective average permeability (44 mD) calculated for the model when including the two upper shale layers (green). The trend lines for the three 
cases (black dashed lines) have been chosen for selected intervals to illustrate the comparable transport rates for a system with infinite size. 
The estimated transport rates from figure 9 are compared in table 4. The timing for the cumulative transport is of 
course important depending on the wanted time-perspective as illustrated in figure 9. 
Table 4. Rates and ratios of transport. 
Gassum cases m3/m2/year Ratio to 
diffusion only 
20 m layered 0.0257 ~1 
Averaged 44 mD 0.1106 4.3 
Homogeneous 200 mD 0.4955 19.3 
 
9. Conclusions 
The study shows the importance of incorporating realistic heterogeneities in the reservoir model when simulating 
late-time instability and convection processes. If ignoring the intraformational sealing shales and using a 
homogeneous reservoir model, the amount of convection transport can be overestimated by a factor nearly 20 as in 
the case of the Gassum proxy model. Even if the shale layers are considered in a permeability upscaling, the 
transport rate is overestimated after the however delayed onset of convection. 
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